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Abstract 
Earthquake-induced loads on components and structures related studies are vital to ensure the safety of the plant. In this work, the 
Fuel Storage Bay (FSB) of typical Indian advanced reactor has been taken for estimating the design parameters for seismic design. 
The FSB of advanced reactor has five water pools which are interconnected through passages. The FSB inner tank is connected to 
an outer tank in the middle through a concrete pedestal and other isolators are arranged in such a way that the FSB inner tank could 
move only in the lateral and longitudinal directions but not in the vertical direction. Hence it should be considered as a tank with 
roller support. The liquid free surface is captured by the Volume of Fluid (VOF) technique and the fluid portion is solved by the 
finite volume method while the structure portions are solved by the finite element approach. The two-way mechanical interaction 
between the fluid and the pool wall is simulated using a partitioned strong fluid–structure coupling. It is found through 
Computational Fluid Dynamics (CFD) approach that the maximum slosh height is 0.35 m under design seismic load computed. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
Nuclear plants and many oil and gas industries make use of liquid storage tanks for storing liquids like oil, chemical 
fluids and wastes of different forms. These tanks are exposed to a wide range of seismic hazards and interaction with 
other sectors of built environment. Heavy damages have been reported due to strong earthquakes as evident in Niigata 
in 1964, Alaska in 1964, Park-field in 1966, Imperial County in 1979, Coalinga in 1983, Northridge in 1994, and 
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Kocaeli in 1999. Liquid oscillations will occur inside the pool, at the time of earthquake. These free surface oscillations 
of liquid inside the pool are called as sloshing [1, 2]. When the fluid oscillation frequency is equivalent to the first 
mode natural frequency, resonance will occur. And then, the liquid sloshing amplitude grows monotonically with time. 
Optimum tank design and random excitation investigations are still ongoing topics because of its practical significance 
and to address the safety issues.  
 
 
 
(a) Plan 
 
(a) FSB with outer tank (b) FSB pools (b) Elevation 
Fig. 1. FSB of advanced reactor Fig. 2. Block structured mesh of FSB 
The typical Indian advanced reactor is designed and developed to achieve large-scale use of thorium for the 
generation of commercial nuclear power. This reactor will produce most of its power from thorium, with no external 
input of uranium-233, in the equilibrium cycle. The reactor incorporates a number of passive safety features and is 
associated with a fuel cycle having reduced environmental impact. At the same time, the reactor possesses several 
features, which are likely to reduce its capital and operating costs. This rector has a Fuel Storage Bay (FSB) in Fuel 
Building (FB) to store and dispatch the spent fuel and provide facility for doing re-constitution of the fuel under water. 
The FSB is divided into five compartments as Spent Fuel Storage Bay (SFSB), Spent Fuel Inspection Bay (SFIB), 
New Fuel Storage Bay (NFSB), Fuel Transfer Bay (FTB), Cask Unloading / Loading Bay (CU/LB) as shown in Figs. 
1(a) and 1(b). Now, the slosh height under design acceleration and the possibility of spillover of water from FSB pools 
under design level of earthquake should be evaluated. A Fuel Building (FB) to receive and store the fresh fuel, to store 
and dispatch spent fuel and provide facility for doing reconstitution of the fuel under water. Adequate space is provided 
for storing and handling the required number of fuel clusters. FB mainly consists of Fuel Storage Bays (FSB), Cask 
handling facility, tool room, cask washing area, etc. The whole FSB is resting on the raft through concrete pedestal. 
1.1. Problem Definition and Objectives 
The slosh height under design acceleration and the possibility of spillage of water from FSB pools under design 
level of earthquake should be evaluated. The sloshing in FSB is studied through the combined base excitation. Since 
the FSB inner tank is connected to the outer tank only at the central pedestal (as shown in Fig.2), the FSB inner tank 
could move in lateral and longitudinal directions during external excitation. The inner tank has also a passage between 
each pools. Seismic design codes do not have guidelines for inter-connected tank with roller support. Taking this into 
account, the effect combined excitations need to be studied on FSB pools. The slosh height, mass flow rate between 
the pools and stress induced on the structure is found. In current seismic design codes, the responses due to vertical 
excitation (V) are usually taken into consideration by using about two thirds of the horizontal response spectra (H). 
But the recent studies have shown that vertical to horizontal response spectral ratio (V/H) depends on the distance of 
the site to the seismic source. The ratio is higher in the near-field region as well as in the high frequency range of the 
response spectra [3]. The objectives of this present work are (i) To evaluate the natural frequencies of fluid 
and pool structure using seismic codes TID-7024 [4], ACI-350.3 [5] and CFD; (ii) To estimate the slosh height without 
the passages of FSB through seismic design codes; (iii) To estimate the slosh height of pools with tank wall 
fixed condition and also moving walls (i.e., allowed to move in longitudinal and lateral directions) under combined 
excitation through CFD using acceleration - time history of given design spectrum.  
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2. Methodology 
2.1. Equivalent mechanical method approach (Analytical) 
Expression for maximum sloshing wave height is taken from TID-7024 [4] and ACI-350.3 [5]. Free board distance 
in a tank must be chosen based on the maximum value of sloshing wave height. This is particularly important for tanks 
containing toxically radioactive liquids, where loss of liquid could not be permitted by any means. If sufficient free 
board is not provided, the roof structure should be designed in such a manner to resist the uplift pressure due to 
sloshing of liquid. Moreover, if there is obstruction to free movement of convective mass due to insufficient free 
board, the amount of liquid in convective mode will also get changed. Slosh height is habitually computed from the 
design response spectrum (DRS) data of corresponding pool for seismic design of liquid tank. More details of this 
approach can also be found in Eswaran et al. [6]. 
2.2. Numerical approach through CFD 
Slosh height is computed from the numerical solutions of the unsteady Navier-Stokes equations. The continuity 
and momentum equations are solved using finite volume method. The free surface is captured by Volume of Fluid 
(VOF) technique [7]. Here, block structured grid (BSG) has been used to create the grid, i.e., the flow domain is split 
up into a number of topographically simpler domains and each domain is meshed discretely and joined up correctly 
with neighbours. The BSG arrangement FSB water pool has been shown respectively in Fig. 2. The fluid-structure 
interaction is considered by appropriately coupling the nodes that lie in the common element faces of the two (i.e., 
fluid and structure) domains. The fluid domain is divided into 18,000 sub domains and structure wall into 8000. The 
values of warpage and Jacobian are found within acceptable limits. The simulation was carried out on an Intel Xeon, 
2.8 GHz twenty core processor workstation and the simulation time was approximately 32 CPU hours for each case 
(solution up to 20 seconds). The implicit scheme is used for temporal integration and the higher order upwind schemes 
are used for the spatial discretization. The free surface elevation (ζ) has been captured every 0.05 second. Forces on 
pool walls are also estimated. To study the response of FSB pools under seismic load, a time history is generated from 
response spectrum along three orthogonal directions separately. Response spectrum data for fuel building is shown in 
Fig. 3. The 5 % broaden spectrum is used to generate the acceleration time history. These acceleration time history in 
three direction are shown in Fig. 3. 
   
(a) Longitudinal (x) direction (b) Vertical (y) direction (c) Lateral (z) direction 
Fig. 3 Acceleration – time history of FSB corresponding to 0.2 g spectrum.  
3. Results and discussion 
3.1. Modal analysis of FSB pool structure and pool water 
The modal analysis is required to find the inherent dynamic properties of any domain in terms of its natural 
frequencies. First three modal shapes and frequencies for the empty FSB pool are represented in Figs.4 (a) through 4 
(c) while same for the water filled FSB pool in Figs.4 (d) through 4 (f). Since the isolators are presented in between 
inner and outer tanks, the bottom face of the inner tank is taken as fixed motion in vertical direction. The bottom of 
the outer tank face is considered as fixed in all directions. And fluid-structure interaction is applied at inner wall of 
the inner tank. 
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(a) Mode 1 (1.0066 hz) for empty tank (b) Mode 2 (4.949 hz) for empty tank (c) Mode 3 (6.426 hz) for empty tank 
   
(d) Mode 1 (0.8714 hz) with water filled 
tank 
(e) Mode 2 (3.93 hz) for water filled tank (f) Mode 3 (6.36 hz) for water filled tank 
Fig. 4 Mode shapes for the empty and water filled tank. 
The natural frequencies are computed from Fast Fourier Transformation (FFT) of free oscillation data. Figs. 5 (a) 
through (d) show the first mode frequency computed from free vibration data generated through CFD analysis for the 
pools. And the natural frequencies are also determined through equivalent mechanical method. Table 1 shows the first 
four natural frequencies for FSB pools evaluated using CFD and equivalent mechanical method (analytical) 
approaches. The natural frequencies are found to be very close between CFD and equivalent mechanical method. 
    
(a) SFSB (b) SFIB (c) NFSB and CU/LB (d) FTB 
Fig. 5    Longitudinal (x) direction first mode frequency of FSB pools computed through CFD analysis 
Table 1 Computed first and higher mode sloshing frequencies 
Mode 
Convective Frequency in Hz 
Longitudinal (x) direction Lateral (y) direction 
SFSB SFIB NFSB and CL/UB FTB FSB pools 
Analytical CFD Analytical CFD Analytical CFD Analytical CFD Analytical CFD 
1 0.146 0.123 0.377 0.355 0.294 0.295 0.442 0.388 0.240 0.289 
2 0.220 0.23 0.533 0.52 0.416 0.399 0.625 0.605 0.340 0.31 
3 0.270 0.29 0.652 0.612 0.510 0.501 0.765 0.755 0.416 0.401 
4 0.312 0.36 0.753 0.728 0.589 0.588 0.883 0.833 0.481 0.422 
3.2. Slosh estimation in FSB pools 
The validation and grid independence studies are skipped, as this numerical procedure is already validated with 
experiments and analytical results for similar problem and the grid independence study is also performed for various 
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grid size to optimize until reach the consistent results [6, 7]. Flexible liquid tank undergoing a seismic motion consists 
of three components of dynamic pressure. The first pressure component is termed as impulsive pressure which varies 
synchronously with the tank base input motion. The tank wall is assumed to be rigid, moving together with the tank 
base. The second component is instigated by the fluid sloshing motion. This pressure is generally referred to as the 
convective pressure or non-impulsive pressure, while the third component is induced by the relative motion of the 
flexible tank wall with respect to the tank base [8]. When excitation frequency is equal to the first mode natural 
frequency, the liquid sloshing amplitude grows monotonically with time. For horizontal excitations, when excitation 
frequency is close to fundamental slosh frequency the free surface undergoes resonance [2, 9, 10].  
   
Fig.6 Slosh height from mean level under 
sinusoidal load 
Fig.7 Mass flow rate of  water inside FSB 
under design load 
Fig. 8 Slosh height in SFSB of FSB under 
0.2g spectrum 
   
Fig. 9 Slosh height in SFIB of FSB under 
0.2g spectrum 
Fig. 10 Slosh height in NFSB and CL/UB of 
FSB under 0.2g spectrum 
Fig. 11 Slosh height in FTB of FSB under 
0.2g spectrum 
In this work, the sloshing is estimated for regularly and randomly excited tanks. The implicit pressure and shear stress 
boundary conditions have been applied on the fluid solid interfaces. Air at top is fixed pressure condition (at 
atmosphere condition). The free surface elevation has been captured every 0.05 sec. Tank is excited with the first 
mode sloshing frequency. Slosh height is captured for the pools of FSB and shown in Fig. 6. During the analysis the 
passage between the pools are kept open. The mass flow rate between the passages is depicted in Fig. 7. During the 
surge motion of the water pool, a single directional standing wave is moving upward and downward direction inside 
the water pool. Maximum slosh height is found as 1 m under regular excitation. However, using the random waves 
are generated from the design response spectrum (as shown in section 2.3) for the estimating the slosh height. For the 
random motion, a user subroutine function is developed to call a random acceleration data and applied on the all the 
tank fluid in terms of gravity force. The slosh height under random motion for the all the pools are shown in Figs. 8 
through 11 along with corresponding frequencies which are computed through the FFT analysis. Table 2 shows the 
design parameters of water pools of FSB. The convective frequency, slosh height and convective pressure are 
compared different approaches such as, equivalent mechanical method, CFD with regular excitation and CFD with 
random excitation. Since the length of the SFSB is bigger than other pools, the maximum slosh is found as 3.67 m in 
SFSB. However, through CFD analysis under random excitation is found as 0.35 m. Since the fixed wall tank 
assumption is taken for equivalent mechanical method, the maximum slosh height is found in SFSB around 3.67 m. 
However, in the CFD simulation under design random load gives the value around 0.35 m. This causes due to the tank 
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is allowed to move in lateral and longitudinal directions in CFD simulation. 
Table 2 Design parameters of fluid portion of FSB pools for seismic design  
Term Unit 
Equivalent mechanical 
model 
CFD CFD 
Regularly excited Randomly excited 
Longitudinal Lateral Longitudinal Lateral Longitudinal Lateral 
(x) (z) (x) (z) (x) (z) 
Convective frequency (Fc) 
SFSB hz 0.146 0.23 0.123 0.227 - - 
SFIB hz 0.377 0.23 0.355 0.227 - - 
NFSB hz 0.294 0.23 0.295 0.227 - - 
FTB hz 0.442 0.23 0.388 0.227 - - 
CL/UB hz 0.24 0.23 0.289 0.227 - - 
Convective Shear force (Vc) 
SFSB N 6.20E+06 3.3 E6 6.85E+05 8.18E+05 2.33E+05 2.78E+05 
SFIB N 2.70E+05 0.57 E6 1.24E+05 1.13E+05 4.52E+04 4.11E+04 
NFSB N 6.30E+05 0.93 E6 2.01E+05 1.84E+05 7.84E+04 7.16E+04 
FTB N 1.50E+05 0.41 E6 2.67E+04 2.43E+04 2.29E+04 2.09E+04 
CL/UB N 6.2 E6 3.31 E6 1.34E+05 1.84E+05 5.23E+04 7.16E+04 
Slosh height (hs) 
SFSB m 3.67 1.89 1.03 1.03 0.35 0.35 
SFIB m 1.01 1.89 0.822 0.822 0.3 0.3 
NFSB m 1.26 1.89 0.822 0.822 0.32 0.32 
FTB m 0.78 1.89 0.24428 0.24428 0.21 0.21 
CL/UB m 1.26 1.89 0.822 0.822 0.32 0.32 
Convective pressure on top of 
base (y=0) (Pcb) 
SFSB KN/m2 12.8 1.02 0.1432 0.0258 0.0487 0.0088 
SFIB KN/m2 0.004 1.02 0.0002 0.0206 0.0001 0.0075 
NFSB KN/m2 0.141 1.02 0.0046 0.0206 0.0018 0.008 
FTB KN/m2 0.0002 1.02 0.00001 0.0061 0 0.0053 
CL/UB KN/m2 0.141 1.02 0.0031 0.0206 0.0012 0.008 
 
  
Fig. 12 Wall displacement at probe 1 in x, y and z directions Fig. 13 Maximum and minimum wall displacement in FSB pool 
3.3. Structural analysis 
Figs. 12 and 13 show the wall displacement in x, y and z directions respectively. The contour of the wall displacement 
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is also shown in Figs. 14 and 15. The maximum displacement is found as 40 mm. During liquid oscillation, at a 
particular time the liquid free surface profile has a positive gradient and the free surface elevation at the right wall 
reaches its peak, with almost zero fluid vertical velocity. Liquid own gravity and external applied forces will drive the 
liquid free surface to settle down. During oscillation, the direction of the fluid velocity switches from right to left and 
the magnitudes of these velocities continue to increase until they reach their maximum. This cycle will continue until 
the free surface gets equilibrium which may occur due to the removal of external excitation to the system. Figs. 16 
and 17 show wall shear stress and vonmisses stress at 23.85 sec. The design parameters of structure portion of FSB 
pools for seismic design are represented in Table 3. The maximum wall displacement is found as 5 mm in SFSB of 
FSB (Fig. 15). As shown in Fig. 17, the maximum von-misses stress and shear stress on structure is found at central 
concrete pedestal which is located between the inner and outer tanks. The other design parameters for FSB are shown 
in Table-A1, Appendix. 
Fig. 14 Wall longitudinal (x) 
displacement at 23.85 sec 
Fig. 15 Wall lateral (z) 
displacement at 23.85 sec 
Fig. 16 Wall shear stress (z) 
displacement at 23.85 sec 
Fig. 17 Wall vonmisses stress (z) 
displacement at 23.85 sec 
                Table 3. Design parameters of structure portion of FSB pools for seismic design 
 Unit Concrete wall (bottom) Central concrete pedestal 
Maximum stress N/m2 4.2 E6 3.64 E7 
Maximum shear stress N/m2 2.13E6 1.002E7 
Maximum wall displacement m 0.005 0.0005 
4. Conclusions 
In general, if liquid oscillation is not controlled efficiently, sloshing of liquids in storage water pools may lead to 
water spillage or large dynamic stress to cause structural failure. In this work, the numerical investigation on liquid 
sloshing in a three dimensional water pool (i.e. FSB) has been studied in detail. The two-way mechanical interaction 
between the fluid and pool wall is simulated using a partitioned strong fluid–structure coupling. The free surface is 
captured by VOF technique. From the above numerical investigation, the following observations are made. Since the 
fixed wall tank assumption has been taken for equivalent mechanical method, the maximum slosh height is found to 
be 3.67 m. However, in the CFD simulation under design random load gives the value around 0.35 m. This is caused, 
since the tank is allowed to move in lateral and longitudinal directions in CFD simulation. The von-misses stress and 
shear stress are determined to be maximum at the central concrete pedestal which is located between the inner and 
outer tanks. 
Appendix A. Other seismic design parameters of FSB pools 
Table A1. Other seismic design parameters of FSB pools 
Pools SFSB SFIB NFSB and CL/UB FTB 
Comments Sl. 
N
o 
Term Unit 
Longit
udinal 
(x) 
Lateral 
(z) 
Longit
udinal 
(x) 
Lateral 
(z) 
Longit
udinal 
(x) 
Lateral 
(z) 
Longit
udinal 
(x) 
Lateral 
(z) 
1 Impulsive Mass (mi)  kg 2.75E6 4.71E6 9.63E5 8.09E5 1.48E6 1.32E6 7.13E5 5.89E5 
Sum of 
masses are 
slightly 
higher than 
total mass of 
fluid. 
2 Convective Mass (mc)  kg 3.18E6 1.53E6 1.08E5 2.64E5 2.89E5 4.31E5 5.70E4 1.92E5 
Probe 1
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3 Impulsive frequency (Fi) hz 3.377 5.878 6.340 3.284 5.255 4.011 7.261 2.857 ACI-350.3 [5] 
4 Seismic co-efficient impulsive (Ah)i        
 - 0.588 0.614 0.6 0.614 0.621 0.609 0.58 0.564 Values taken 
from 
response 
spectrum 5 
Seismic co-efficient 
Convective (Ah)c 
 - 0.2 0.22 0.26 0.22 0.22 0.22 0.27 0.22 
6 Total shear force (V) at bottom of the wall  MN 46.773 59.292 19.243 17.759 25.469 23.054 16.222 14.156 
Lateral base 
shear  
7 Impulsive shear force Vi  MN 46.356 59.199 19.241 17.750 25.461 23.036 16.22 14.149  
8 
Total bending moment at 
bottom of the wall (M) 
MN-
m 
290.04 365.07 127.00 113.78 164.39 145.75 107.99 91.48 SRSS rule as followed in 
all 
international 
code except 
Eurocode 
[11] 
Impulsive Mi  
MN-
m 
286.15 486.16 126.96 146.06 164.26 189.42 107.97 116.48 
Convective Mc  
MN-
m 
47.34 37.88 3.23 6.51 6.67 10.66 1.85 4.74 
9 
Over turning moment at 
bottom of base slab. 
(M*) 
MN-
m 
484.69 487.63 154.96 146.20 204.11 189.72 131.10 116.58 Housner (1963)[4] 
10 Impulsive time period (Ti) 
sec 0.30 0.17 0.16 0.30 0.19 0.25 0.14 0.35 
ACI-350.3 
[5], Housner 
[4]) and 
NZS-3106 
[12] 
11 Convective time period  (Tc) 
sec 7.40 4.34 2.62 4.34 3.35 4.34 2.23 4.34 
12 Impulsive pressure on wall (y=0) (Piw) 
KN/
m2 
65.25 49.25 23.32 49.25 37.09 48.85 16.70 45.24 Hydrostatic 
pressure is 
132.4 
KN/m2. 
Hydrodynam
ic pressure is 
85 %-59% of 
static 
pressure. 
Design of 
tank will be 
influenced 
by 
hydrodynami
c pressure 
(>33%) 
13 Impulsive pressure on top of base (y=0) (Pib) 
KN/
m2  
23.93 25.96 13.26 25.96 20.55 25.75 9.57 23.85 
14 Convective pressure on wall (y=0) (Pcw) 
KN/
m2 12.88 1.03 0.00 1.03 0.14 1.03 0.00 1.03 
15 Convective pressure on wall (y=h) (Pcwt) 
KN/
m2 26.15 12.14 5.84 12.14 8.09 12.14 4.41 12.14 
16 Pressure due to wall inertia (Pww) 
KN/
m2 21.63 22.59 22.07 22.59 22.85 22.40 21.34 20.75 
17 Pressure due to vertical excitation (Pv) 
KN/
m2 69.53 69.53 69.53 69.53 69.53 69.53 69.53 69.53 
18 
Maximum 
hydrodynamic Pressure 
(P)  
KN/
m2 112.02 99.98 83.03 99.98 91.79 99.56 79.25 95.86 
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